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Arising from the interplay between charge, spin and orbital of electrons, spin-orbit torque (SOT)
has attracted immense interest in the past decade. Despite vast progress, the existing quantification
methods of SOT still have their respective restrictions on the magnetic anisotropy, the entanglement
between SOT effective fields, and the artifacts from the thermal gradient and the planar Hall effect,
etc. Thus, accurately characterizing SOT across diverse samples remains as a critical need. In this
work, with the aim of removing the afore-mentioned restrictions, thus enabling the universal SOT
quantification, we report the characterization of the sign and amplitude of SOT by angular mea-
surements. We first validate the applicability of our angular characterization in a perpendicularly
magnetized Pt/Co-Ni heterostructure by showing excellent agreements to the results of conventional
quantification methods. Remarkably, the thermoelectric effects, i.e., the anomalous Nernst effect
(ANE) arising from the temperature gradient can be self-consistently disentangled and quantified
from the field dependence of the angular characterization. The superiority of this angular charac-
terization has been further demonstrated in a Cu/CoTb/Cu sample with large ANE but negligible
SOT, and in a Pt/Co-Ni sample with weak perpendicular magnetic anisotropy (PMA), for which
the conventional quantification methods are not applicable and even yield fatal error. By providing
a comprehensive and versatile way to characterize SOT and thermoelectric effects in diverse het-
erostructures, our results pave the important foundation for the spin-orbitronic study as well as the
interdisciplinary research of thermal spintronic.
PACS numbers: 72.25.Mk; 72.25.Ba; 85.75.-d
I. INTRODUCTION
Spin-orbit torque (SOT) has attracted intense
interests for efficient electrical manipulation of mag-
netization which is at the root of numerous spintronic
applications1. In heavy metal (HM)/ferromagnet
(FM) heterostructure or ferromagnet lacking inver-
sion symmetry, SOT emerges due to the spin-orbit
related mechanisms such as the spin Hall effect2–7,
the Rashba effect8,9 or the topological quantum
effect10–13. Compared to its counterpart of con-
ventional spin-transfer torque (STT), SOT sheds
greater prospects in the efficiency and speed14–17.
In STT, the efficiency is proportional to the spin
polarization P of ferromagnet which is essentially
smaller than 1. In contrast, SOT scales with the spin
Hall angle θSH without upper limit which can be
as large as hundreds in topological insulator13,18,19.
Moreover, the prior study has demonstrated the
SOT drives magnetization switching in the hundred
pico-second timescale that is much faster than that
in the state-of-art STT device20. Additionally, in a
magnetic tunneling junction, the writing current of
SOT only passes through the underlayer, thus avoid-
ing the electrical breakdown of the oxide tunneling
barrier21,22. With advantages in all these aspects,
SOT has brought revolutionary opportunities for spin
memory and logic applications.
Tracing the history of development, the recognition
of SOT has been continuously revised for both
the direction and magnitude. At the early phase
of the study, SOT effective field in HM/FM was
considered as a quasi-Rashba field that transverse
to the current and in the film plane15,23–25, but
later on, it was recognized to be an out-of-plane
effective field as inferring from the first perpendicular
magnetization switching experiment26. On the other
hand, the magnitude has also been revised from 1 to
10−2 Tesla at the current density of 108 A/cm223,24.
At present, it is understood that SOT takes complex
form which should be discomposed into two orthog-
onal components7,27–33: a longitudinal effective field−→
HL ‖ −→m ×−→y and a transverse effective field −→HT ‖ −→y ,
where −→m is the magnetization unit vector and −→y is
the in-plane axis transverse to the current flow −→x
direction. These evolving recognitions for SOT have
been radically moved forward by the advances in
SOT characterization.
Although a variety of electrical transport methods
for characterizing SOT effective fields have been
developed7,23,27,28,31,33,35, most of them have their
respective restrictions that hindering the comprehen-
sive and accurate SOT characterization. The first
restriction is due to the complex form and entangle-
ment of SOT effective fields. Both the SOT effective
fields
−→
HL and
−→
HT could contribute to the electrical
signal, thus requiring careful disentanglement and
quantification. The SOT characterization methods,
such as the DC3,26,34 and ST-FMR ones13,35,36,
mostly only consider one specific SOT component
by neglecting another SOT component. The second
restriction is for the magnetic anisotropy. In the
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2perpendicular magnetized HM/FM heterostructures
which are of the main interests of SOT research,
the models of SOT characterization are mostly
built on the conditions of coherent magnetization
rotation and saturated magnetic state, and there-
fore a strong perpendicular magnetic anisotropy is
required. Lastly, the thermoelectric effect has been
largely neglected in the existing SOT characterization
methods3,23,31,37,38. As we will demonstrate below,
the contribution from the ANE can be very large
and even dominates the electric signal. It should
be noted that not only to quantify SOT accurately,
the appropriate characterization and utilization
of this thermoelectric effect can also bring great
opportunity for expanding the horizon of spintronic
research and application. Almost at the same time
as the emergence of the SOT study, Slonczewski
has proposed the thermal initiation of spin-transfer
torque from magnons26. Later on, several groups have
further demonstrated the thermal creation of spin
current and spin torque in magnetic heterostructures
through the magnons, spin-dependent Seebeck and
spin-Nernst effect (SNE)39–41.
In this work, a new angular characterization
method with least restrictions to study the SOT
and thermoelectric effects in various magnetic het-
erostructures. By rotating the sample under a strong
magnetic field, the simultaneously recorded harmonic
Hall voltages are utilized to analytically derive the
SOT effective fields and the ANE contribution across
the sample. After giving the principal equations
that in seccession of previous work by Avci et al.31,
we first analyze and simulate the angular depen-
dences of harmonic signal originated from SOT and
ANE. Subsequently, the applicability of the angular
characterization is verified by comparing the results
with other established quantification methods in a
perpendicularly magnetized Pt/Co-Ni sample. At
last, we apply the angular characterization for two
special samples, for which the other conventional
quantification methods are not applicable due to
the restrictions of large thermoelectric effect and
weak PMA. By accurately characterizing SOT and
thermoelectric effects with high sensitivity, sim-
ple procedures and wide applicability, our works
not only provide an important basis for SOT re-
search but also allow the further investigation of
the interplay between SOT and thermoelectric effects.
II. MODEL OF ANGULAR
CHARACTERIZATION: SOT AND
THERMOELECTRIC EFFECTS
We first describe the model of angular characteri-
zation and the corresponding equations in detail. In a
NM/FM heterostructure, the measurements are per-
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FIG. 1: (Color online) Simulation for longitudinal
scheme. (a) The angular measurement in the xz plane
around the z-axis. (b) The first harmonic Hall resistance
characterizes the magnetization equilibrium position. The
second harmonic Hall resistance characterizes the magne-
tization oscillation due to (c) a longitudinal effective field
(HL), and (d) a transverse effective field (HT ) with dif-
ferent external magnetic field. (e) Schematic of the out
of plane and in-plane thermal gradient caused by Joule
heating (center) and angular dependences of the second
harmonic signal from the out of plane and in-plane ANE
with different external magnetic field (left and right).
formed by applying an AC current IAC = I0 sin(ωt)
along the −→x direction. The first and second harmonic
Hall voltages are measured simultaneously along the−→y direction by using two lock-in amplifiers. Due to
the AC current-induced periodic SOT effective fields,
the magnetization oscillates around its equilibrium
state which in turn generates the harmonic Hall
voltages. Additionally, the thermoelectric effect also
contributes a second harmonic Hall voltage through
ANE.
A. SOT Effect
For SOT measurements, the harmonic Hall voltages
are measured in both the longitudinal and transverse
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FIG. 2: (Color online) Simulation for transverse scheme.
(a) The angular measurement in the yz plane around the
z-axis. (b) The first harmonic Hall resistance character-
izes the magnetization equilibrium position. The second
harmonic Hall resistance characterizes the magnetization
oscillation due to (c) a transverse effective field (HT ), and
(d) a longitudinal effective field (HL) with different exter-
nal magnetic field. (e) Schematic of the out of plane and
in-plane thermal gradient caused by Joule heating (cen-
ter) and angular dependences of the second harmonic sig-
nal from the out of plane and in-plane ANE with different
external magnetic field (left and right).
schemes. In the longitudinal scheme, the magneti-
zation of the sample is rotated in the xz plane with
a constant external magnetic field
−−→
Hext, as shown in
Fig. 1(a, b). The magnetization oscillation is quanti-
fied into ∆θ and ∆ϕ, which are caused by the
−→
HL and
the
−→
HT respectively, as shown in Fig. 1(c, d). In the
transverse scheme, the magnetization of the sample is
rotated in the yz plane with a constant external mag-
netic field
−−→
Hext, as shown in Fig. 2(a, b). In contrast
to the longitudinal scheme, the
−→
HT causes the ∆θ and
the
−→
HL causes the ∆ϕ which can be seen from Fig. 2(c,
d). By considering both the AHE and PHE, the Hall
voltage can be written as
Vxy(t) = I0 sinωtRAHE cos(θ + ∆θ sinωt)
+ I0 sinωtRPHEsin
2(θ + ∆θ sinωt)
sin(2(ϕ+ ∆ϕ sinωt))
(1)
where θ and ϕ define the magnetization equilibrium
direction.
As θ and ϕ are determined by
−→
Hk (anisotropic field)
and
−−→
Hext, ∆θ and ∆ϕ represented magnetization os-
cillations are determined by
−−→
HI0 =
−→
HL+
−→
HT (current-
induced effective field), the first Harmonic Hall resis-
tances can be expressed as:
Rωxy = RAHE cos(θ) +RPHEsin
2(θ) sin(2ϕ) (2)
And the second Harmonic Hall resistances can be ex-
pressed as:
For the longitudinal scheme,
R2ωxy =
1
2
RAHE
HL
Hext +Hk
sin θ
−RPHE HT
Hext +Hk
sin2 θ
(3)
For the transverse scheme,
R2ωxy =
1
2
RAHE
HT
Hext +Hk
sin θ
+RPHE
HL
Hext +Hk
sin2 θ
(4)
B. Thermoelectric Effect
Additionally, the measured second harmonic sig-
nal also contains the thermoelectric contribution.
Fig. 3 (a) shows the current induced thermal gradient
(∇Ta,∇Tb) in the Hall bar device by using the finite
element analysis [details see Appendix]. The thermal
gradient is correlated with the quadratic square of the
current. Therefore, for an AC current, one has
∇T ∝ I2Rs = I20sin2(ωt)Rs. (5)
−−−→
VANE ∝ −α−−→∇T ×−→m ∝ sin2(ωt)Rs (6)
where Rs is the sample resistance. And we can
clearly see that the ANE is manifested as a sec-
ond harmonic term. Furthermore, the thermal gra-
dient can be decomposed into the in-plane and out of
plane parts in the Cartesian coordinates, as shown in
Fig. 3(b, c). The vector of the thermal gradient are
defined as
−−→∇T ip = ∇Tip(1, 0, 0) (the in-plane part),−−→∇T oop = ∇Toop(0, 0, 1) (the out of plane part), re-
spectively. Fig. 3(b, c) shows the analysis of ANE
in the longitudinal and transverse schemes. When a
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FIG. 3: (Color online) (a) The finite element analysis of
thermal gradient caused by the current. (b) The analysis
of ANE signals for the longitudinal (b) and transverse (c)
schemes. The simulation of in-plane and out of plane ANE
signals with scanning external field at the full H range7
in the longitudinal (d) and transverse (e) schemes. The
insets in (d, e) show the total ANE loops.
magnetization −→m experiences a thermal gradient −−→∇T ,
the ANE voltage is produced along the direction of−−−→
VANE ‖ −−→∇T × −→m. Thus, in the longitudinal scheme,
the in-plane and out of plane ANE voltages are both
along the −→y direction. In the transverse scheme, the
direction of in-plane ANE voltage lies in −→y while the
out of plane one lies in −→x .
As described in Appendix, the second harmonic
ANE contribution can be written as
R2ωoop,ANE = I0α∇Toop sin θ cosϕ (7)
and
R2ωip,ANE = −I0α∇Tip cos θ (8)
Therefore, together with the ANE analysis in
Fig. 3(b, c), the ANE contributions can be determined
in both the two schemes. For the longitudinal scheme,
R2ω∇T = I0α(∇Toop sin θ −∇Tip cos θ) (9)
And for the transverse scheme,
R2ω∇T = −I0α∇Tip cos θ (10)
Fig. 3(d, e) show the simulated hysteresis loops
of ANE voltage for a perpendicular magnetized
Si/SiO2/Pt (4)/Co (0.7)/Pt (1)/SiO2 (3) device, in
which the magnetization direction is obtained from
the first harmonic Hall voltage by canning external
field at full H range with a tilt angle θH = 86
◦7.
For small H range, the more specific ANE simulation
curves are shown in Fig. 1(e) and Fig. 2(e). One can
find that the ANE contributions remain unchanged
with the external magnetic field strength.
Combing the SOT effect and thermoelectric contri-
bution, the second harmonic Hall resistance can be
expressed as:
For the longitudinal scheme,
R2ωxy =
1
2
RAHE
HL
Hext +Hk
sin θ
−RPHE HT
Hext +Hk
sin2 θ
+ I0α(∇Toop sin θ −∇Tip cos θ)
(11)
For the transverse scheme,
R2ωxy =
1
2
RAHE
HT
Hext +Hk
sin θ
+RPHE
HL
Hext +Hk
sin2 θ
− I0α∇Tip cos θ
(12)
Moreover, the PHE term appears to be small in
general due to the small values of both PHE and sin2 θ
so it can be neglected. For angular characterization at
small θ range, cos θ is close to 1, thus the in-plane ANE
contribution remains as a constant (C). Therefore,
Eq. (11) and (12) can be further simplified as:
For the longitudinal scheme,
R2ωxy =
1
2
RAHE
HL
Hext +Hk
sin θ
+ I0α∇Toop sin θ − C
(13)
For the transverse scheme,
R2ωxy =
1
2
RAHE
HT
Hext +Hk
sin θ
− C
(14)
For the cases that the PHE term is large and to be
considered, the SOT effective fields can be corrected
by the following equations:
H
′
L = HL + 2ξHT sin θ
H
′
T = HT − 2ξHL sin θ
(15)
where ξ = RPHERAHE .
The above equations lay the important basis for
quantifying SOT in this work. In the following sec-
tions, we will utilize these equations to quantify SOT
and thermoelectric effect in various heterostructures.
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FIG. 4: (Color online)(a)(b) Sample structure and de-
vice microscopy image. Angular characterization of the
first (c)(d) and the second (e)(f) harmonic Hall resis-
tances with different external magnetic field (Hext ∼
0.6 T, 1 T, 1.5 T ). (g)(h) SOT and thermoelectric contri-
butions as a function of the inverse field (1/(Hext +Hk)).
The solid lines are the linear fit of experimental data. The
red rectangle box depicts the thermoelectric contributions
in the second harmonic signal. In the figure, (c)(e)(g) are
for the longitudinal scheme and (d)(f)(h) are for the trans-
verse scheme.
III. EXPERIMENT: GENERAL CASE AND
SPECIAL CASES
A. General Angular Characterization of SOT in
the Pt/[Co-Ni] Sample with PMA
As a demonstration for the general case, the angu-
lar characterization is performed for a Hall bar device
of Ta (2)/Cu (3)/[Co (0.3)/Ni (0.6)]2/Pt (4)/SiO2 (3)
with PMA (number in nm). The sample and device
structures are illustrated in Fig. 4(a, b). All transport
measurements are carried out at room temperature
using Keithley 6221 current source and two lock-in
amplifiers. The AC current (f = 13.7 Hz) is ap-
plied in the −→x direction, and the first and second har-
monic Hall voltages (V ωxy and V
2ω
xy ) are simultaneously
recorded.
In the measurements, the sample is rotated at θH ∈
33 337 7
FIG. 5: (Color online) For the Ta/Cu/Ni-Co sample, AC
harmonic characterization of SOT by fitting the second
harmonic signal at the large H range in the longitudinal
scheme (a) and transverse scheme (b). AC harmonic char-
acterization of SOT by fitting the second harmonic signal
at the small H range in the longitudinal scheme (c) and
transverse scheme (d). (e) Comparison of SOT effective
fields from three methods.
[−20◦, 20◦] with different external magnetic field Hext,
where θH is the angle between
−→z and −−→Hext. Fig. 4(c,
d) show the angular dependence of R˜ωxy for the lon-
gitudinal and transverse schemes, where R˜ωxy is the
normalized first harmonic Hall resistance with respect
to the saturated AHE resistance. Subsequently, one
can derive θ of magnetization through the conversion
equation of θ = acos(R˜ωxy). These measurements and
procedures allow the conversion from θH to θ, thus
one can obtain the θ dependence of the second har-
monic Hall resistance, as shown in Fig. 4(e, f).
We now turn to consider the derivation forms of
Eq. (13) and (14):
For the longitudinal scheme,
dR2ωxy/d(sin θ) =
1
2
RAHE
HL
Hext +Hk
+ I0α∇Toop
(16)
For the transverse scheme,
dR2ωxy/d(sin θ) =
1
2
RAHE
HT
Hext +Hk
(17)
6For a small θ, one has sin θ ≈ θ. Therefore, R2ωxy
can be linearly fitted with θ as represented by the
straight fitting lines in Fig. 4(e, f). More importantly,
according to Eq. (16) and (17), the field dependences
of dR2ωxy/d(sin θ) in Fig. 4(g, h) adequately quantifies
both the current-induced SOT and thermoelectric
effects. Note that the magnetization oscillation
induced by SOT is largely suppressed at large ex-
ternal magnetic field, where the thermal gradient
contribution is not affected by Hext. As the PHE
term is normally negligible for many SOT samples,
one can characterize the HL(HT ) by measuring
the external field Hext dependence of R
2ω
xy in the
longitudinal (transverse) schemes, respectively.
From the dR2ωxy/d(sin θ) versus 1/(Hext +Hk) in
Fig. 4(g, h), values of HL = 18.5 Oe, HT = 14.4 Oe,
V 2ωoop,ANE = 0.34 µV , and V
2ω
ip,ANE = 0.16 µV are
fitted. With further normalization, HL = 370 Oe and
HT = 288 Oe can be obtained at the current density
of 108 A/cm2.
To demonstrate the applicability of above angular
characterization for SOT, the SOT effective fields
of the same device have been further characterized
by another two well-established SOT quantification
methods. The first one is the harmonic measure-
ments with large sweeping magnetic field applied at
θH = 86
◦7. Fig. 5(a, b) show the best fits for the sec-
ond harmonic Hall resistances in two schemes, which
yield the values of HL = 17.8 Oe and HT = 13.9 Oe
and they are very close to the results of angular
characterization in Fig. 4. Fig. 5(c, d) show the
second SOT characterization results using harmonic
measurements at low H, for which H is applied
in the film plane33. By fitting the first and second
harmonic Hall resistances, the values of HL = 23.4 Oe
and HT = 21.5 Oe are obtained which are slightly
larger than the above two methods. In Fig. 5(e),
we compare the results of these three methods that
measured for the same device with the identical setup
and AC current. While the applicability of angular
characterization for SOT can be evidenced from the
comparison plot, the larger SOT effective fields by
small H fitting method can be also well explained by
the thermoelectric contributions in the second har-
monic signal, which is especially significant when the
magnetization aligns around OOP direction as we will
discuss in the following section of Cu/CoTb/Cu study.
B. Cu/CoTb/Cu with Giant Thermal Effect
Rare-earth metals of 4f -electron lanthanide series
have been reported to accommodate significant
spin Hall effect or SOT, such as Tb has a large
charge-to-spin efficiency of -0.1842,43. However, some
groups reported that the charge-to-spin efficiency
of Rare-earth/3d-ferromagnet alloy or multilayer is
ext k(H +H )
FIG. 6: (Color online) AC harmonic characterization of
SOT for Cu/CoTb/Cu in the longitudinal scheme. Fitting
the second harmonic signal at full H range (a) and low H
range(b). (c)(d), Angular dependence of first and second
harmonic Hall resistances with different constant external
magnetic fields (Hext ∼ 1 T, 1.5 T, 2 T, 3 T, 5 T, 8 T ).
The data are offset along the vertical axis for better clari-
fication. (e) The SOT and thermoelectric contributions as
a function of the inverse field (1/(Hext + Hk))
negligibly small44–46. Here, we have characterized
the SOT and thermoelectric effects in CoTb alloys
by using the angular characterization to address
these debates, as well as to reveal the artifact of
thermoelectric effect in harmonic Hall measurements.
Fig. 6 show the measurement results for a Cu
(2)/CoTb (6)/Cu (2) device, where Cu does not
contribute the spin current and CoTb is ferrimagnetic
alloy layer with perpendicular anisotropy. The mag-
netic field dependence of first and second harmonic
Hall resistance with the sweeping magnetic field at
the full and low H range are shown in Fig. 6(a, b). In
the longitudinal scheme, we do not observe obvious
peak or dip in the second harmonic loop at large H,
which is the signature of SOT, in Fig. 6(a). However,
a steep slope of second harmonic Hall resistance is
observed at small H range, as shown in Fig. 6(b).
By fitting the first and second harmonic signals at
small H range, HL = 645.7 Oe/10
8Acm−2 can be
obtained, which is comparable or even larger than
that in conventional Pt/FM films.
We further characterize the device using the angular
characterization method. Fig. 6(c, d) show the angu-
lar dependence of the first and second harmonic Hall
7FIG. 7: (Color online) Measurements for a
Ta/Cu/CoNi/Pt sample with weak PMA. (a) The
OOP Hall hysteresis loop. (b) The angular characteriza-
tion of the first and second harmonic Hall resistances with
Hext = 0.2 T . (c)(d) Angular dependence of the second
harmonic Hall resistance with different external magnetic
fields (Hext ∼ 0.6 T, 1.0 T, 1.5 T ) at the longitudinal
and transverse schemes, respectively. The SOT and
thermoelectric contributions as a function of the inverse
magnetic field (1/(Hext + Hk)) for HL (e) and HT (f).
resistances measured by rotating the sample in the xz
plane around z-axis with a constant external magnetic
field (Hext ∼ 1 T, 1.5 T, 2 T, 3 T, 5 T, 8 T ). Fitting
for the data with different Hext according to Eq. (16)
are shown by solid curves in Fig. 6(d). We noted
that the slope dR2ωxy/dθ is a constant that remains
unchanged with Hext, which can be more clearly seen
in Fig. 6(e). According to Eq. (16), the value of HL
can be determined to be 0. Therefore, from the above
studies, one can see that in Cu/CoTb/Cu sample the
ANE contribution dominates the second harmonic
signal at the small H region, which possibly leads to
fatal error in the SOT quantifications.
C. CoNi/Pt with Weak PMA
SOT research is still rapidly growing with great
interests in exploring new materials with large
change-to-spin efficiency, such as the topological
insulator13,36,48, Weyl semimetal49,50, and two-
dimensional material51,52. However, it is not easy
to form perpendicular magnetic heterostructure
with these new materials for constructing a stable
and efficient SOT device. Moreover, the PMA of
sample can be unstable and degraded due to a harsh
environment or frail sample structure. These place
practical hurdles for SOT characterization. Thus, a
versatile and comprehensive SOT characterization
method that not limited by magnetic anisotropy is
much needed to advance the SOT research.
Here, we show that the angular characteriza-
tion is capable for the SOT device with weak
PMA. Fig. 7 shows the experiment results for the
Ta (2)/Cu (3)/[Co (0.2)/Ni (0.4)]2/Pt (4)/SiO2
(3) (in nm). As shown in Fig. 7(a), the sample
has a weak PMA and uniaxial anisotropy energy
Ku = 9.0× 104 erg/cm3 > 0. As a result, both
the methods of harmonic measurement with large
and small sweeping fields as in Fig. 57,33 are not
applicable here.
We further apply the angular characterization for
this sample. Fig. 7(b) show the angular dependence
of first and second harmonic Hall resistances with
a constant external magnetic field (Hext ∼ 0.2 T ).
The magnetization is in a saturation state while the
field rotated around the z-axis. Fig. 7(c, d) shows the
second harmonic Hall resistance as a function of ex-
ternal magnetic field Hext ∼ 0.6 T, 1.0 T, 1.5 T . The
inverse of magnetic field 1/(Hext+Hk) dependence of
dR2ωxy/d(sin θ) are measured, as shown in Fig. 7(e, f).
Subsequently, the SOT effective field can be readily
determined by fitting the data with Eq. (16). The
longitudinal effective field HL = 560.7 Oe and the
transverse effective field HT = 279.2 Oe are obtained
at the current density of 108 A/cm2.
IV. CONCLUSIONS
In conclusion, a new angular characterization
method is established in this work to study SOT
and thermoelectric effects in various magnetic het-
erostructures. The entanglement between HL and
HT , and the contributions from SOT and ANE are
comprehensively considered. By accurately charac-
terizing SOT and thermoelectric effects with high
sensitivity, simple procedures and wide applicability,
this work not only provides an important basis
for SOT research and allows SOT explorations in
more general material systems, but also bring great
prospects for studying thermal spintronics.
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Appendix A: Principle and Formula Derivation
1. Current-Induced Second Harmonic Voltage
In Harmonic Hall measurements, we applied an AC
current through the sample and the Hall voltage can
be expressed as Vxy = I0Rxy(θ + ∆θ(t), ϕ + ∆ϕ(t)),
where, θ and ϕ reflect the magnetization equilib-
rium direction determined by
−→
Hk and
−−→
Hext, ∆θ and
∆ϕ characterized the magnetization oscillation deter-
mined by
−−→
HI0 . So that the transverse resistance is a
function about
−→
Hk,
−−→
Hext and
−−→
HI0 can be rewritten as
Rxy = Rxy(θ + ∆θ(t), ϕ+ ∆ϕ(t))
= Rxy(
−→
Hk,
−−→
Hext,
−−−−→
HI0(t))
(A1)
where,
−−→
HI0 =
−→
HL+
−→
HT . For each equilibrium position
with fixed θ and ϕ, the θ and ϕ are fixed, Rxy(t) is
a function of
−−→
HI0 which can be further expanded to
first-order approximation31
Rxy(t) |θ,ϕ ≈ Rxy(−→Hk,−−→Hext) + dRxy
d
−−→
HI0
· −−→HI0 sinωt
(A2)
So the harmonic Hall voltage can be rewriten as
Vxy(t) =I0 sinωtRxy(t)
≈I0Rxy(−→Hk,−−→Hext) sinωt+ I0 dRxy
d
−−→
HI0
· −−→HI0sin2ωt
=I0[
1
2
dRxy
d
−−→
HI0
+Rxy(
−→
Hk,
−−→
Hext) sinωt
− 1
2
dRxy
d
−−→
HI0
· −−→HI0 cos 2ωt]
(A3)
where V 0xy =
I0
2
dRxy
d
−−→
HI0
−−→
HI0 , V
ω
xy =
I0Rxy(
−→
Hk,
−−→
Hext) sinωt, and V
2ω
xy =
− I02 dRxyd−−→HI0
−−→
HI0 cos 2ωt are the zero, first, and the
second harmonic components of the transverse volt-
age, respectively. With the inclusion of contribution
from anomalous and planar Hall effects, the harmonic
of transverse resistance can be expressed as
Rxy = RAHE cos(θ) +RPHEsin
2(θ) sin(2ϕ) (A4)
By using the mathematical differential formula, for
which df(x, y) = ∂f∂xdx+
∂f
∂y dy, we have
dRxy =
∂Rxy
∂ cos θ
d cos θ +
∂Rxy
∂ sin 2ϕ
d sin 2ϕ
= - sin θ
∂Rxy
∂ cos θ
dθ + 2 cos(2ϕ)
∂Rxy
∂ sin 2ϕ
dϕ
(A5)
So the second harmonic of transverse resistance can
be writen as
R2ωxy =
V 2ωxy
I0 cos 2ωt
=− 1
2
−−→
HI0
dRxy
d
−−→
HI0
=− 1
2
−−→
HI0
(− sin θ ∂Rxy∂ cos θdθ + 2 cos(2ϕ) ∂Rxy∂ sin 2ϕdϕ)
d
−−→
HI0
=
1
2
[RAHE sin θ −RPHE sin 2θ sin(2ϕ)]−−→HI0
dθ
d
−−→
HI0
−RPHEsin2θ cos 2ϕ−−→HI0
dϕ
d
−−→
HI0
(A6)
where,
−−→
HI0 can be decomposed into two compo-
nents: the first one is HθI0 that causing the magnetic
moment to vibrate in the θ direction and dHθI0 =
(Hext +Hk)d sin(θ−θ′); another one is HϕI0 that caus-
ing the magnetic moment to vibrate in the ϕ direction
and dHϕI0 = Htotd sin(ϕ − ϕ′). Obtained from the
mathematical differential, we know that
dθ
dHθI0
=
1
(Hext +Hk) cos(θ − θ′) ≈
1
Hext +Hk
dϕ
dHϕI0
=
1
(Hext +Hk) cos(ϕ− ϕ′) ≈
1
Hext +Hk
(A7)
where the θ′ and ϕ′ are the positions of magnetiza-
tion driven by SOT effective fields. ∆θ = θ − θ′ and
∆ϕ = ϕ− ϕ′ are the amplitudes of magnetization os-
cillation.
We can simplify the second harmonic transverse re-
sistance by combining Eq. (A6) and (A7) for the two
measurement schemes.
(1) For the longitudinal scheme: the external mag-
netic field is applied in the xz plane, ϕ ≈ 0◦, HθI0 =
HL and H
ϕ
I0
= HT .
So we have
sinϕ ≈ 0; sin 2ϕ ≈ 0; cosϕ ≈ 1; cos 2ϕ ≈ 1 (A8)
9The second harmonic term can be simplified to
R2ωxy =−
1
2
[RAHE
d cos θ
dθ
· H
θ
I0
Hext +Hk
+RPHEsin
2θ
d sin(2ϕ)
dϕ
· H
ϕ
I0
Hext +Hk
]
=
1
2
RAHE sin θ
HL
Hext +Hk
−RPHEsin2θ HT
Hext +Hk
=
RAHE
2(Hext +Hk)
(HL − RPHE
RAHE
HT sin θ) sin θ
≈1
2
RAHE
HL
Hext +Hk
sin θ
(A9)
(2) For transverse scheme: the external magnetic
field is applied in the yz plane, ϕ ≈ 90◦, HθI0 = HT
and HϕI0 = HL
So we have
sinϕ ≈ 1; sin 2ϕ ≈ 0; cosϕ ≈ 0; cos 2ϕ ≈ −1 (A10)
The second harmonic term can be rewritten as
R2ωxy =−
1
2
[RAHE
d cos θ
dθ
· H
θ
I0
Hext +Hk
+RPHEsin
2θ
d sin(2ϕ)
dϕ
· H
ϕ
I0
Hext +Hk
]
=
1
2
RAHE sin θ
HT
Hext +Hk
+RPHEsin
2θ
HL
Hext +Hk
=
RAHE
2(Hext +Hk)
(HT +
RPHE
RAHE
HL sin θ) sin θ
≈1
2
RAHE
HT
Hext +Hk
sin θ
(A11)
(3) Fitting Proximation and PHE correction: Since
sin2 θ ≈ 0 and ξ = RPHERAHE is negligible, we ig-
nore the influence of PHE on second harmonic sig-
nals, for which: HL − RPHERAHEHT sin θ ≈ HL and
HT +
RPHE
RAHE
HL sin θ ≈ HT . However, for the more
strict and accurate analysis by including the entan-
glement between HL and HT through PHE, the cor-
rection equation can be express as:
H
′
L = HL + 2ξHT sin θ
H
′
T = HT − 2ξHL sin θ.
(A12)
When θ = 0, H
′
L = HL and H
′
T = HT . For θ 6= 0, we
can correct the SOT effective field with the influence
of PHE at each θ.
2. Thermoelectric Contribution
In harmonic measurements, an in-plane current in-
jection induces an in-plane and an out of plane ther-
mal gradient, which contribute significant signal in
the second harmonic term. In this part, we will show
the model of thermoelectric contributions. Fig. 3 (a)
shows the finite element analysis of the current in-
duced thermal gradient, where the structure of the
film is Si/SiO2/HM/FM/SiO2. The simulation pa-
rameter: 1, the isotropic thermal conductivity (σ) of
each layer, σSi = σHM = σFM = 60 (Wm
−1C◦−1),
σSiO2 = 10 (Wm
−1C◦−1); 2, Film coefficient=
10 (Wm−1C◦−1); 3, Ambient temperature, 22C◦; 4,
The temperature load: TFM = 50 C
◦, THM = 75 C◦,
TSi/SiO2 = 23.5 C
◦; 5, Mesh, default; There are two
directions of thermal gradient induced by the injected
current. First, we define the vector of the thermal
gradient are
−−→∇T ip = ∇Tip(1, 0, 0) (the in-plane part),−−→∇T oop = ∇Toop(0, 0, 1) (the out of plane part), respec-
tively. Moreover, we have the magnetization direction
is −→m = (sin θ cosϕ, sin θ sinϕ, cos θ). When the −→m ex-
periences a thermal gradient
−−→∇T , the ANE voltage is
produced and its direction obeys Eq. (6). Thus, the
second harmonic ANE contribution term can be es-
tablished as follows.
a. The in-plane ANE contribution for second har-
monic term
R2ωoop,ANE =I0α
−−−−→∇Toop ×−→m · −→y
=I0α∇Toop(0, 0, 1)
× (sin θ cosϕ, sin θ sinϕ, cos θ) · (0, 1, 0)
=I0α∇Toop sin θ cosϕ.
(A13)
b. The out of plane ANE contribution for second
harmonic term
R2ωip,ANE =I0α
−−−→∇Tip ×−→m · −→y
=I0α∇Tip(1, 0, 0)
× (sin θ cosϕ, sin θ sinϕ, cos θ) · (0, 1, 0)
=− I0α∇Tip cos θ.
(A14)
As shown in Fig. 3(b, d), in the longitudinal scheme,
we have
R2ω∇T = I0α(∇Toop sin θ −∇Tip cos θ) (A15)
As shown in Fig. 3(c, e), in the transverse scheme, we
have
R2ω∇T = −I0α∇Tip cos θ (A16)
Combining Eq. (A9), (A11), (A15) and (A16), with
the inclusion of SOT effects and thermoelectric con-
tribution, the second harmonic term Rxy can be ex-
pressed as For the longitudinal scheme:
R2ωxy =
1
2
(RAHE
HL
Hext +Hk
+ 2I0α∇Toop) sin θ
− I0α∇Tip cos θ
(A17)
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For the transverse scheme:
R2ωxy =
1
2
RAHE
HT
Hext +Hk
sin θ − I0α∇Tip cos θ
(A18)
where the influence of PHE can be recorrected by the
Eq. (A12).
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1 X. Qiu, Z. Shi, W. Fan, S. Zhou, and H. Yang, Adv.
Mater. 30, 1705699 (2018).
2 L. Liu, C. F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and
R. A. Buhrman, Science 336, 555 (2012).
3 L. Liu, O. J. Lee, T. J. Gudmundsen, D. C. Ralph, and
R. A. Buhrman, Phys. Rev. Lett. 109, 096602 (2012).
4 P. P. J. Haazen, E. Mur‘e, J. H. Franken, R. Lavrijsen,
H. J. M. Swagten, and B. Koopmans, Nat. Mater. 12,
299 (2013).
5 J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back,
and T. Jungwirth, Rev. Mod. Phys. 87, 1213 (2015).
6 Y. K. Kato, R. C. Myers, A. C. Gossard, and D. D.
Awschalom, Science 306, 1910 (2004).
7 X. Qiu, P. Deorani, K. Narayanapillai, K.-S. Lee, K.-J.
Lee, H.-W. Lee, and H. Yang, Sci. Rep. 4, 4491 (2014).
8 I. M. Miron, K. Garello, G. Gaudin, P. J. Zermatten, M.
V. Costache, S. Auffret, S. Bandiera, B. Rodmacq, A.
Schuhl, and P. Gambardella, Nature 476, 189 (2011).
9 A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R.
A. Duine, Nat. Mater. 14, 871 (2015).
10 M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045
(2010).
11 J. E. Moore, Nature 464, 194 (2010).
12 X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057
(2011).
13 A. R. Mellnik, J. S. Lee, A. Richardella, J. L. Grab, P.
J. Mintun, M. H. Fischer, A. Vaezi, A. Manchon, E. A.
Kim, N. Samarth, and D. C. Ralph, Nature 511, 449
(2014).
14 A. Brataas, A. D. Kent, and H. Ohno, Nat. Mater. 11,
372 (2012).
15 I. Mihai Miron, G. Gaudin, S. Auffret, B. Rodmacq, A.
Schuhl, S. Pizzini, J. Vogel, and P. Gambardella, Nat.
Mater. 9, 230 (2010).
16 S. Emori, U. Bauer, S.-M. Ahn, E. Martinez, and G. S.
D. Beach, Nat. Mater. 12, 611 (2013).
17 K.-S. Ryu, L. Thomas, S.-H. Yang, and S. Parkin, Nat.
Nanotechnol. 8, 527 (2013).
18 Y. Fan, P. Upadhyaya, X. Kou, M. Lang, S. Takei, Z.
Wang, J. Tang, L. He, L. T. Chang, M. Montazeri, G.
Yu, W. Jiang, T. Nie, R. N. Schwartz, Y. Tserkovnyak,
and K. L. Wang, Nat. Mater. 13, 699 (2014).
19 M. Dc, R. Grassi, J. Y. Chen, M. Jamali, D. Reifsnyder
Hickey, D. Zhang, Z. Zhao, H. Li, P. Quarterman, Y.
Lv, M. Li, A. Manchon, K. A. Mkhoyan, T. Low, and
J. P. Wang, Nat. Mater. 17, 800 (2018)
20 K. Garello, C. O. Avci, I. M. Miron, M. Baumgartner,
A. Ghosh, S. Auffret, O. Boulle, G. Gaudin, and P.
Gambardella, Appl. Phys. Lett. 105, 212402 (2014).
21 Y. Seo and K. Roy, IEEE Transactions on Very Large
Scale Integration (VLSI) Systems 26, 1600 (2018).
22 F. Oboril, R. Bishnoi, M. Ebrahimi, and M. B. Tahoori,
IEEE Transactions on Computer-Aided Design of Inte-
grated Circuits and Systems 34, 367 (2015).
23 U. H. Pi, K. W. Kim, J. Y. Bae, S. C. Lee, Y. J. Cho,
K. S. Kim, and S. Seo, Appl. Phys. Lett. 97, 162507
(2010).
24 I. M. Miron, T. Moore, H. Szambolics, L. D. BudaPre-
jbeanu, S. Auffret, B. Rodmacq, S. Pizzini, J. Vogel,
M. Bonfim, A. Schuhl, and G. Gaudin, Nat. Mater. 10,
419 (2011).
25 T. Suzuki, S. Fukami, N. Ishiwata, M. Yamanouchi, S.
Ikeda, N. Kasai, and H. Ohno, Appl. Phys. Lett. 98,
142505 (2011).
26 J. C. Slonczewski, Phys. Rev. B 82, 054403 (2010).
27 J. Kim, J. Sinha, M. Hayashi, M. Yamanouchi, S.
Fukami, T. Suzuki, S. Mitani, and H. Ohno, Nat.
Mater. 12, 240 (2012).
28 K. Garello, I. M. Miron, C. O. Avci, F. Freimuth,Y.
Mokrousov, S. Blgel, S. Auffret, O. Boulle, G. Gaudin,
and P. Gambardella, Nat. Nanotechnol. 8, 587 (2013).
29 P. M. Haney, H.-W. Lee, K.-J. Lee, A. Manchon, and
M. D. Stiles, Phys. Rev. B 87, 174411 (2013).
30 A. V. Khvalkovskiy, V. Cros, D. Apalkov, V. Nikitin,
M. Krounbi, K. A. Zvezdin, A. Anane, J. Grollier, and
A. Fert, Phys. Rev. B 87, 020402 (2013).
31 C. O. Avci, K. Garello, M. Gabureac, A. Ghosh, A.
Fuhrer, S. F. Alvarado, and P. Gambardella, Phys. Rev.
B 90, 224427 (2014).
32 X. Qiu, K. Narayanapillai, Y. Wu, P. Deorani, D.-H.
Yang, W.-S. Noh, J.-H. Park, K.-J. Lee, H.-W. Lee,
and H. Yang, Nat. Nanotechnol. 10, 333 (2015).
33 M. Hayashi, J. Kim, M. Yamanouchi, and H. Ohno,
Phys. Rev. B 89, 144425 (2014).
34 X. Fan, J. Wu, Y. Chen, M. J. Jerry, H. Zhang, and J.
Q. Xiao, Nat. Commun. 4, 1799 (2013).
35 L. Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman,
Phys. Rev. Lett. 106, 036601 (2011).
36 Y. Wang, P. Deorani, K. Banerjee, N. Koirala, M.
Brahlek, S. Oh, and H. Yang, Phys. Rev. Lett. 114,
257202 (2015).
37 C.-F. Pai, M. Mann, A. J. Tan, and G. S. D. Beach,
Phys. Rev. B 93, 144409 (2016).
38 Y. Yang, Y. Xu, X. Zhang, Y. Wang, S. Zhang, R.-W.
Li, M. S. Mirshekarloo, K. Yao, and Y. Wu, Phys. Rev.
B 93, 094402 (2016).
39 X. Jia, K. Xia, and G. E. W. Bauer, Phys. Rev. Lett.
107, 176603 (2011).
40 G. E. W. Bauer, E. Saitoh, and B. J. van Wees, Nat.
Mater. 11, 391 (2012).
41 H. Yu, S. D. Brechet, and J.-P. Ansermet, Phys. Lett.
A 381, 825 (2017).
42 Q. Y. Wong, C. Murapaka, W. C. Law, W. L. Gan, G.
J. Lim, and W. S. Lew, Phys. Rev. Appl. 11, 024057
(2019).
43 N. Reynolds, P. Jadaun, J. T. Heron, C. L. Jermain, J.
Gibbons, R. Collette, R. A. Buhrman, D. G. Schlom,
and D. C. Ralph, Phys. Rev. B 95, 064412 (2017).
44 J. Han, A. Richardella, S. A. Siddiqui, J. Finley, N.
11
Samarth, and L. Liu, Phys. Rev. Lett. 119, 077702
(2017).
45 J. Finley and L. Liu, Phys. Rev. Appl. 6, 054001 (2016).
46 J. Yu, D. Bang, R. Mishra, R. Ramaswamy, J. H. Oh,
H.-J. Park, Y. Jeong, P. Van Thach, D.-K. Lee, G. Go,
S.-W. Lee, Y. Wang, S. Shi, X. Qiu, H. Awano, K.-J.
Lee, and H. Yang, Nat. Mater. 18, 29 (2019).
47 K. Ueda, M. Mann, P. W. P. de Brouwer, D. Bono, and
G. S. D. Beach, Phys. Rev. B 96, 064410 (2017).
48 K. Kondou, R. Yoshimi, A. Tsukazaki, Y. Fukuma, J.
Matsuno, K. S. Takahashi, M. Kawasaki, Y. Tokura,
and Y. Otani, Nat. Phys. 12, 1027 (2016).
49 M. N. Ali, J. Xiong, S. Flynn, J. Tao, Q. D. Gib-
son, L. M. Schoop, T. Liang, N. Haldolaarachchige, M.
Hirschberger, N. P. Ong, and R. J. Cava, Nature 514,
205 (2014).
50 D. MacNeill, G. M. Stiehl, M. H. D. Guimaraes, R. A.
Buhrman, J. Park, and D. C. Ralph, Nat. Phys. 13,
300 (2016).
51 S. Shi, A. Wang, Y. Wang, R. Ramaswamy, L. Shen, J.
Moon, D. Zhu, J. Yu, S. Oh, and Y. Feng, Phys. Rev.
B 97, 041115 (2018).
52 P. He, S. M. Walker, S. S.-L. Zhang, F. Y. Bruno, M.
S. Bahramy, J. M. Lee, R. Ramaswamy, K. Cai, O.
Heinonen, G. Vignale, F. Baumberger, and H. Yang,
Phys. Rev. Lett. 120, 266802 (2018).
